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Supplementation of crystalline amino acids is common in diets for piglets. The purpose
of the present experiment was to conduct a study on an alternative amino acid
provision by means of feeding piglets spores of a B. subtilis strain known to overproduce
Val when cultured in vitro. Seventeen individually penned piglets per treatment were
used. One week after weaning, piglets were fed one of 3 diets: a Val deﬁcient (Val:Lys,
0.63:1; Neg), the same diet with added 1.28106 cfu B. subtilis/g feed (þBac), or a diet
containing Val at requirement levels for piglets (Val:Lys, 0.69:1; þVal). During the 26-d
feeding period, Val deﬁciency reduced (Po0.001) feed intake and growth rate of piglets,
and supplementation of B. subtilis spores was not effective enough to compensate for
the Val deﬁciency. Although there were some effects on mucosa, the dietary treatments
did not have major effects on amino acid concentrations in digesta and mucosa of the
small intestine. However, the Val concentration in plasma of the portal and jugular
veins and the urea concentration in plasma of the jugular vein were higher when piglets
were fed the þVal diet. The Val:Lys of 0.63:1 was clearly below the requirement of Val
for piglets. The dietary supplementation of the B. subtilis strain that can overproduce
Val, did not provide Val in levels high enough to compensate for a Val deﬁciency.
Further investigations should focus on optimizing strains to greater Val overproduction
in the gastrointestinal tract of pigs and establishing the optimal dose of B. subtilis
supplementation.
& 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
By supplementing pig diets with crystalline amino
acids, it is possible to reduce the concentration of dietary
crude protein without adversely affecting animal perfor-
mance (Kerr et al., 1995). The risk of impaired animal
health caused by diarrhea is lower when feeding low-
crude protein diets (Heo et al., 2008; Wellock et al., 2008),
whereas an oversupply of dietary protein results in lower
energy efﬁciency and impaired animal performanceþ45 89991525.
gaard).
Y-NC-ND license.because the catabolism of surplus amino acids is an
energy-consuming process (Just, 1982). Furthermore, the
negative environmental impact of nitrogen excretion and
emission is alleviated by reducing the surplus dietary
crude protein (Dourmad et al., 1999).
At present, there are 5 commercially available amino
acids: L-Lys, L-Thr, DL-Met, L-Trp, and, lately, L-Val.
Formulating low-crude protein diets often makes it neces-
sary to include the 5 crystalline amino acids. Valine is
often the third to ﬁfth limiting amino acid in diets based
on barley, wheat, maize, and soybean meal. The industrial
production of most crystalline L-amino acids is based on a
fermentation process often using Coryneform bacteria.
Bacillus subtilis has been used in the pig industry for more
Table 1
Composition of experimental diets (g/100 g, as-fed)a.
Ingredient Neg þBac þVal
Wheat 43.4 43.4 43.4
Maize 20.0 20.0 20.0
Soy protein concentrate 15.8 15.8 15.8
Barley 13.0 13.0 13.0
Fat, animal origin 2.5 2.5 2.5
L-Lysine HCl (78%) 0.641 0.641 0.641
DL-Met (99%) 0.217 0.217 0.217
L-Thr (98%) 0.248 0.248 0.248
L-Trp (98%) 0.067 0.067 0.067
L-Leu (99%) 0.127 0.127 0.127
L-Ile (99%) 0.088 0.088 0.088
L-His (99%) 0.071 0.071 0.071
L-Val (97%)b 0 0 0.090
Calcium carbonate 1.794 1.794 1.794
Mono calcium phosphate 1.270 1.270 1.270
Sodium chloride 0.386 0.386 0.386
Vitamin-mineral premixc 0.400 0.400 0.400
Phytased 0.030 0.030 0.030
Bacterial straina 0 0.040 0
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; and þVal, Neg diet supplemented with
Val up to 0.69:1 Val to Lys ratio.
b Top-dressed to the diet.
c Trouw Nutrition Denmark A/S. Content per g premix: 2500 IU
vitamin A, 500 IU vitamin D3, 23.4 IU vitamin E, 0.6 mg vitamin
K3, 0.6 mg vitamin B1, 1.2 mg vitamin B2, 3 mg D-panthotenic acid,
6.4 mg niacin, 0.060 mg biotin, 21.3 mg a-tocopherol, 0.006 vitamin
B12, 0.6 mg vitamin B6, 50 mg Fe (Fe(II) sulfate), 41.3 mg Cu (Cu(II)
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tion measurements has been reported in piglets (Link and
Kova´c, 2007), grower-ﬁnisher pigs (Wang et al., 2009),
and sows (Alexopoulos et al., 2004). Mutants of bacteria
such as B. subtilis have been found to overproduce speciﬁc
amino acids (Hoch et al., 1971; Holtzclaw and Chapman,
1975; Kisumi et al., 1971; Kato et al., 1977). Kisumi et al.
(1971) observed an increased Arg production by B. subtilis
mutants from 0.1 mg/mL in the wild strain to 4.3 mg/mL
in the mutant strain, and Kato et al. (1977) obtained a
mutant that produced more than two-fold the amount of
L-Arg produced by the parent wild strain.
It was hypothesized that a B. subtilis mutant strain,
which can overproduce and excrete Val, fed as a probiotic
feed supplement might colonize the small intestine and
supply the host with absorbable Val in an amount great
enough to compensate a dietary Val deﬁciency. Before
amino acids produced by B. subtilis mutants become an
alternative to crystalline amino acids in the pig diet
formulation, it is necessary to study if the in vitro results
can be applied in vivo. Therefore, the objective of the
present experiment was to conduct an initial study to test
in situ the amino acid production of a B. subtilis mutant as
an alternative to the dietary crystalline amino acid sup-
plementation. This objective was addressed by feeding a
speciﬁc mutant strain of B. subtilis that can overproduce
Val to young pigs and evaluating animal performance and
digesta, mucosal, and blood amino acid concentrations.sulfate), 50 mg Zn (Zn(II) oxide), 13.9 mg Mn (Mn(II) oxide), 0.076 mg KI,
and 0.075 mg Se (Se-selenite).
d Natuphos 5000, BASF (Ludwigshafen, Germany).
Table 2
Analyzed chemical composition of the experimental diets (g/100 g DM)a.
Item Neg þBac þVal
Crude protein 20.1 20.3 20.2
Crude fat 4.40 4.50 4.60
Gross energy (kJ/g DM) 18.6 18.7 18.7
Lys 1.50 1.50 1.54
Met 0.50 0.50 0.52
Cys 0.32 0.32 0.32
Thr 0.97 0.94 0.98
Leu 1.61 1.61 1.62
Ile 0.89 0.92 0.93
His 0.56 0.54 0.55
Val 0.94 0.94 1.06
Phe 0.94 0.94 0.95
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; and þVal, Neg diet supplemented with
Val up to 0.69:1 Val to Lys ratio.2. Materials and methods
2.1. Diets and animals
A basal diet was formulated to contain Val as the ﬁrst-
limiting amino acid and Lys as the second-limiting amino
acid (Table 1). The diet was optimized to supply Lys at
95% of requirements for 9- to 30-kg pigs according to
Jørgensen and Tybirk (2008), and the other essential
amino acids, except Val, at recommended levels or
slightly above (Table 2). The basal diet contained a Val:Lys
of 0.63:1 and was used as the negative control diet (Neg).
From this basal diet, 2 other experimental diets were
formulated: the Neg diet top-dressed with the B. subtilis
mutant strain (CHCC11957) developed to produce Val
in vitro when grown in veal infusion broth (þBac), and
the Neg diet top-dressed with L-Val to a Val:Lys of
0.69:1 (þVal), which just exceeded the current recom-
mendation of 0.67:1 (Jørgensen and Tybirk, 2008). The
dose of 400 g B. subtilis/ton feed, supplying 1.28106 cfu/g
feed, was chosen because it is the recommended level of
inclusion of the probiotic (BioPlus 2B; Chr Hansen A/S,
Hørsholm, Denmark), which is based on B. subtilis and B.
licheniformis.
A total of 51 male castrates and gilts from 17 litters
were weaned at 3071 d of age into individual pens,
which allowed visual and physical contact to neighboring
littermates. During the ﬁrst week after weaning, the pigs
were fed a standard diet containing 1000 ppm zinc and no
antibiotics or other growth promoters.2.2. Experimental procedure
The experiment started 1 week after weaning to assure
that all piglets consumed sufﬁcient feed and were adapted
to the individual pens. Seven days after weaning, the pigs
were assigned to one of the 3 dietary treatments. The
treatments were balanced according to litter, sex, and
weight. Piglets were provided ad libitum access to feed for
approximately 26 d, and during this period, physical contact
among piglets was hindered. The feed was supplied twice
J.V. Nørgaard et al. / Livestock Science 147 (2012) 33–39 35daily, and the feed dispensers were adjusted on a regular
basis to minimize feed spillage. The pigs had permanent
access to fresh water from nipple drinkers. The individual
body weight was recorded the ﬁrst and last day of the
feeding period, and the accumulated feed intake was
recorded for the whole feeding period.
On the last day of the feeding period, 5 piglets from
each of the 3 dietary treatments were randomly chosen.
Between 1 and 3 h after access to the feed had been
impeded, the animals were anesthesized and the abdom-
inal cavity was opened immediately. Blood samples from
the portal vein and the jugular vein were drawn. The
blood samples were collected into heparinized vacuettes
(Greiner BioOne GmbH, Kremsmu¨nster, Austria). The
vacuettes were placed on ice, and plasma was immedi-
ately harvested by centrifugation at 3000g for 10 min at
20 1C. The plasma was stored at 20 1C until analysis.
Immediately after blood sampling, pigs were eutha-
nized by an intravenous injection of pentobarbital
(200 mg/mL), and the entire gastro-intestinal tract was
removed. The middle 2 m of the small intestine, i.e., part
of the jejunum, was isolated. Digesta were gently
squeezed into containers, and samples were kept on ice.
The mucosa from the whole length of the sampled
segment was scraped using clean glass slides and kept
on ice. In digesta and mucosa samples intended for amino
acid analysis 1 drop of 0.02% sodium azide was added to
stop microbial activity. All samples were stored at 20 1C
until analysis. All experimental procedures complied with
the Danish Ministry of Justice Law no. 382 (June 10th,
1987) and Acts 739 (December 6th, 1988) and 333 (May
19th, 1990) concerning animal experimentation and care
of experimental animals.Table 3
Start weight, feed intake, average daily gain (ADG) and feed conversion
ratio (FCR) in pigs fed experimental dietsa,b.
Item Neg þBac þVal SEM P-value
Start wt (kg) 9.7 9.6 9.7 0.4 0.99
Feed intake (kg) 16.3c 15.9c 21.3d 0.6 o0.001
Days in exp (d) 25.6 25.6 25.6 0.1 –
ADG (g) 445c 449c 608d 19 o0.001
FCR (kg/kg) 1.42 1.41 1.37 0.02 0.24
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; and þVal, Neg diet supplemented with
Val up to 0.69:1 Val to Lys ratio.
b Values are least squares means and standard errors of the means;
n¼17.
c,d Means within a row without a common superscript differ
(Pr0.05).2.3. Analytical methods
The main dietary ingredients were analyzed before
formulating the diets, and the experimental diets were
analyzed to conﬁrm a correct mixing of diets. The dry
matter (DM) content of diets was determined by oven
drying at 103 1C for 20 h. The gross energy was measured
by bomb calorimetry (Parr 6300 Calorimeter, Moline,
USA). The crude protein content (total nitrogen6.25)
was analyzed by a modiﬁed Kjeldahl method (no. 984.13;
AOAC, 2000). The crude fat was extracted with petroleum
ether after hydrochloric acid hydrolysis (Procedure B;
European Commission, 2009). Diet samples were hydro-
lyzed for 23 h at 110 1C with or without performic acid
oxidation, and amino acids were separated by means of
ion exchange chromatography and quantiﬁed by means of
photometric detection after ninhydrin reaction (European
Commission, 1998). Free amino acid content in digesta,
intestinal mucosa, and plasma, and urea and ammonium
chloride in plasma were analyzed using an amino acid
analyzer ﬁtted with a lithium high performance system
for physiological amino acids (Biochrome 30þAmino Acid
Analyzer; Biochrome, Cambridge, England). The amino
acid analyzer was calibrated using a standard for acidic,
neutral, and basic amino acids (Sigma Aldrich, St. Louis,
MO, USA). Only L-amino acids were analyzed becausebacteria on rare occasions also produce the D-enantio-
mers (Lam et al., 2009).
2.4. Calculations and statistical methods
The results were statistically analyzed using the
MIXED procedure of SAS (Littell et al., 1996). The model
included diet as a ﬁxed-effect parameter, initial weight as
a covariate and litter as a random-effect parameter. The
statistical signiﬁcance was accepted at Pr0.05. For multi-
ple comparisons, the Tukey–Kramer adjusted Fisher’s LSD
test was used.
To visualize the relations between urea, ammonium
chloride and amino acid proﬁle patterns in the 3 dietary
groups, the results were subjected to a multivariate data
analysis. The data were normalized, mean centered, and
subjected to a principal component analysis (Wold et al.,
1987) using the software (LatentiX, version 2.00; Latent5,
Frederiksberg, Denmark). Through this multivariate data
analysis technique, multidimensional data were trans-
formed into a low dimensional space. This was done by
constructing a new set of variables as linear combinations
of the original variables aiming to explain the most ‘in
common’ variation possible. Through the use of these new
variables, it was possible to visualize the similarity of
samples in a low dimensional score plot.
3. Results
The analyzed dietary concentrations of Val and Lys
were as expected (Table 2). All pigs remained healthy and
completed the experiment. Animal performance
increased by the high dietary Val inclusion level (þVal
diet), but was not affected by the supplementation of the
microbial strain (þBac diet) as compared to the Neg
group (Table 3). Pigs fed the þVal diet ate approximately
5 kg more feed (Po0.001) during the 26 d compared to
pigs fed the Neg and þBac diets. Average daily gain (ADG)
was 448 vs. 608 g (Po0.001) and feed conversion ratio
(FCR) was 1.41 vs. 1.37 (P¼0.24) for the Neg and þBac
groups compared to the þVal group, respectively.
Although there were some effects on mucosa, the
concentration of amino acids in digesta (Table 4) and
mucosa (Table 5) showed no major differences among
Table 4
Amino acid concentrations in digesta from jejunum of pigs fed the
experimental diets (mg/g DM)a,b.
Neg þBac þVal SEM P-value
Lys 2.97 2.02 1.41 0.67 0.27
Thr 1.57 1.13 0.83 0.34 0.32
Met 1.00 0.66 0.44 0.24 0.24
Cys 0.15 0.16 0.14 0.06 0.95
Val 2.21 1.64 1.24 0.43 0.29
Ile 1.72 1.22 0.78 0.40 0.24
Leu 3.30 2.38 1.77 0.58 0.18
Tyr 1.76 1.20 0.87 0.36 0.22
Phe 1.94 1.39 1.05 0.37 0.22
Ser 1.70 1.12 1.00 0.39 0.29
Glu 3.86 3.43 2.77 0.80 0.52
Gly 3.00 3.10 2.37 0.45 0.47
Ala 2.75 2.11 1.75 0.47 0.31
Arg 3.34 2.08 1.47 0.73 0.23
Pro 1.99 1.43 0.93 0.50 0.32
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; and þVal, Neg diet supplemented with
Val up to 0.69:1 Val to Lys ratio.
b Values are least squares means and standard errors of the means;
n¼5.
Table 5
Amino acid concentrations in mucosa from jejunum of pigs fed the
experimental diets (mg/g DM)a,b.
Neg þBac þVal SEM P-value
Lys 1.57 3.62 3.59 0.69 0.11
Thr 1.35 2.29 2.52 0.42 0.16
Met 0.55c 1.00d 0.86c,d 0.14 0.05
Cys 0.01d 0.04c 0.01c,d 0.01 0.04
Val 1.06 2.15 1.81 0.34 0.06
Ile 0.67 1.38 1.13 0.24 0.08
Leu 1.49 2.94 3.04 0.52 0.11
Tyr 1.00 1.70 1.50 0.23 0.06
Phe 0.81 1.54 1.32 0.23 0.06
Ser 2.17 3.50 3.77 0.51 0.11
Glu 5.35 7.81 7.22 0.67 0.06
Gly 3.18c 3.79d 3.49c,d 0.13 0.03
Ala 2.84 4.04 4.00 0.35 0.07
Arg 1.54c 3.64d 2.89cd 0.60 0.05
Pro 2.16 3.52 3.47 0.43 0.06
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; and þVal, Neg diet supplemented with
Val up to 0.69:1 Val to Lys ratio.
b Values are least squares means and standard errors of the means;
n¼5.
c,d Means within a row without a common superscript differ
(Pr0.05).
Table 6
Urea, ammonium chloride and amino acid concentrations in plasma of
the portal vein in pigs fed experimental diets (mg/mL)a,b.
Neg þBac þVal SEM P-value
Urea 0.101d 0.083d 0.054c 0.008 0.003
Ammonium chloride 0.015 0.013 0.015 0.002 0.69
Ornithine 0.012 0.009 0.011 0.001 0.22
Citrulline 0.016c,d 0.013c 0.018d 0.001 0.05
Lys 0.028 0.026 0.016 0.005 0.17
Thr 0.043d 0.037c,d 0.024c 0.004 0.01
Met 0.010 0.008 0.010 0.001 0.24
Cys 0.002 0.0004 0.003 0.001 0.18
Val 0.007c 0.006c 0.018d 0.002 o0.001
Ile 0.016c 0.014c 0.018cd 0.001 0.20
Leu 0.022 0.019 0.022 0.002 0.64
Tyr 0.018 0.017 0.015 0.002 0.30
Phe 0.014 0.012 0.012 0.001 0.42
Ser 0.042d 0.037d 0.021c 0.004 0.02
Glu 0.038 0.044 0.056 0.007 0.22
Gly 0.110d 0.120d 0.077c 0.010 0.02
Ala 0.090 0.087 0.084 0.009 0.93
Arg 0.016 0.014 0.015 0.002 0.64
Pro 0.049 0.044 0.045 0.006 0.87
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; þVal, Neg diet supplemented with Val up
to 0.69:1 Val to Lys ratio.
b Values are least squares means and standard errors of the means,
n¼5.
a,b Means within a row without a common superscript differ
(Pr0.05).
Table 7
Urea, ammonium chloride and amino acid concentrations in plasma of
the jugular vein in pigs fed experimental diets (mg/mL)a,b.
Neg þBac þVal SEM P-value
Urea 0.100c 0.084c,d 0.055c 0.008 0.009
Ammonium chloride 0.007c 0.008d 0.008d 0.001 0.02
Ornithine 0.008 0.007 0.011 0.001 0.06
Citrulline 0.014c,d 0.012c 0.015d 0.001 0.02
Lys 0.029d 0.025c,d 0.014c 0.004 0.03
Thr 0.043d 0.037d 0.024c 0.004 0.009
Met 0.009 0.008 0.010 0.001 0.32
Cyse – – – – –
Val 0.004c 0.005c 0.017d 0.001 o0.001
Ile 0.013 0.014 0.016 0.001 0.14
Leu 0.018 0.019 0.022 0.001 0.09
Tyr 0.016 0.017 0.014 0.001 0.32
Phe 0.012 0.012 0.010 0.001 0.12
Ser 0.031d 0.035d 0.020c 0.003 0.006
Glu 0.036 0.036 0.050 0.005 0.12
Gly 0.111c 0.106d 0.071c 0.008 0.006
Ala 0.079 0.080 0.078 0.008 0.98
Arg 0.014 0.012 0.017 0.002 0.11
Pro 0.044 0.041 0.041 0.005 0.86
a Neg, negative control with 0.63:1 Val to Lys ratio; þBac, Neg diet
supplemented with B. subtilis; þVal, Neg diet supplemented with Val up
to 0.69:1 Val to Lys ratio.
b Values are least squares means and standard errors of the means,
n¼5.
c,d Means within a row without a common superscript differ
(Pr0.05).
e Below detection level.
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squares means) of the amino acid concentration were in
average 0.26 and 0.20 in digesta and mucosa samples,
respectively.
The pattern of amino acid concentration in plasma was
similar for the portal (Table 6) and jugular (Table 7) vein,
showing high Gly and Ala concentrations compared to the
other amino acids and Cys was below the detection limit in
jugular vein. The Val concentration in plasma of both portal
and jugular veins was higher (Pr0.05) when pigs were fed
the þVal diet compared to the Neg and þBac diets. Lysine,
the second limiting amino acid in the Neg and þBac groupsand the ﬁrst limiting amino acid in the þVal group, was in
higher concentration in plasma of jugular vein in the Neg and
þBac groups compared to the þVal group. The coefﬁcients of
Fig. 1. Score plot of principal component analysis explaining 55% of the
variation among amino acids measured in plasma of the portal vein in
pigs fed a negative control diet (Neg) with 0.63:1 Val to Lys ratio, a Neg
diet supplemented with B. subtilis (þBac), or a Neg diet supplemented
with Val up to 0.69:1 Val to Lys ratio (þVal).
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jugular veins, respectively.
The principal component analysis of the proﬁles mea-
sured in plasma of portal (Fig. 1) and jugular (data not
shown) veins revealed that samples from piglets on the
Neg and þBac dietary groups clustered together and were
different from those on the þVal group, indicating that
addition of Val affected the proﬁles, whereas B. subtilis did
not. The ﬁrst 2 principal components (PC1 and PC2)
explained approximately 55% of the total variation
between the samples. On one side, Val and Cys concen-
trations were higher in the þVal group and, on the other
side, Thr, Ser, Lys, urea, and Gly were higher in the Neg
and þBac groups, and they were important variables
contributing to the separation of the samples from the
piglets on the Neg and þBac vs. the þVal diets.
The concentration of urea was similar in plasma of both
portal and jugular veins, and the urea concentration in the
jugular vein was lowest for the þVal group (Tables 6 and 7).
Ammoniummeasured as ammonium chloride was higher in
plasma of portal than in jugular vein.
4. Discussion
In dose-response experiments, the optimal Val:Lys for
weaned pigs has been estimated to be 0.66:1 (Gaines
et al., 2011; Wiltafsky et al., 2009), 0.68:1 (Trautwein
et al., 2010), 0.70:1 (Barea et al., 2009; Gloaguen et al.,
2010), and 0.72:1 (Mavromichalis et al., 2001). The
Val:Lys of 0.63:1 compared to 0.69:1 applied in the
present experiment is, therefore, expected to represent
diets that are deﬁcient and adequate, respectively, in
dietary L-Val supply.
The present results of reduced feed intake and ADG
when feeding the Neg diet compared to the þVal diet are
supported by previous ﬁndings (Nørgaard and Ferna´ndez,
2009). We showed a reduced ADG and an increased FCR
when feeding weaners a diet with Val:Lys of 0.61:1compared to a diet with 0.72:1. The Neg diet was, thus,
validated to be deﬁcient in Val.
Although the amino acid in focus was Val, other amino
acids and metabolites were measured. The analysis of
compounds other than Val was important to establish
whether any changes in Val levels were exclusive for this
amino acid or whether they followed trends of several
amino acids, thus, general changes.
The variations of the results of digesta and mucosal
samples were relatively high. Because the pigs were fed
ad libitum, the variation in the digesta samples may be
caused by differences in the time interval between con-
sumption of the last meal and slaughter and the size of
the meal. The order of slaughtering was randomized
within litter, thus, any time effect did not bias the results.
Other factors that may have caused within-treatment
variations in digesta samples are a potential lag in the
time for absorption of crystalline amino acids and pro-
tein-bound amino acids, and the quantitative and quali-
tative differences in the microbial colonization of the
stomach and small intestine, which may lead to differ-
ences in the protein and amino acid metabolism as
observed in mice by Whitt and Demoss (1975). Finally,
manual scraping of mucosa, although done following a
standardized procedure, may have resulted in some
variation in the composition of the sampled tissue, which
may imply differences in the amino acid proﬁle.
As shown in Table 5, the Neg diet tended to result in
lower mucosa amino acid concentrations compared to the
other diets, whereas the samples from the þBac diet were
not different from the þVal diet. Both spores (Alebouyeh
et al., 2009) and vegetative cells (Parker et al., 2010) of
B. subtilis have been shown to be able to bind to mam-
malian intestinal cells. The mucosal amino acid concen-
tration is of special interest because the B. subtillis strain is
expected to adhere to the intestinal mucosa, the site of
amino acid absorption, to produce amino acids. Although
the mucosal concentration of Val in the þBac group was
numerically higher than that of the Neg control group, it
does not provide direct evidence that the strain produces
high levels of Val in the small intestine because most of
the other measured amino acids in the mucosa of pigs fed
the þBac treatment were also higher than in the mucosa
of the pigs fed the Neg diet. The reason for this tendency
is not known.
The effects of feeding amino acid-balanced diets,
compared to diets deﬁcient in one or more amino acids,
can be observed in the general protein and amino acid
metabolism. The relative plasma urea concentrations can
be indicative of the general amino acid catabolism
(Eggum, 1970; Kerr et al., 2004). Higher plasma urea
concentrations in the Neg and þBac groups reﬂect dea-
mination and urea synthesis from amino acids not being
utilized in protein accretion. Lower plasma urea concen-
tration in the þVal group indicates a more balanced
dietary amino acid composition, resulting in a more
efﬁcient utilization of dietary protein.
The Neg and þBac diets were formulated to provide
Lys as the second-limiting amino acid, whereas the þVal
diet was formulated to provide Lys as the ﬁrst-limiting
amino acid. The higher Lys concentration in plasma of
J.V. Nørgaard et al. / Livestock Science 147 (2012) 33–3938jugular vein in pigs fed the Neg and þBac diets compared
to the þVal diet is supported by previous ﬁndings in pigs
showing increased plasma urea and Lys concentrations in
jugular vein when feeding Val deﬁcient diets (Wiltafsky
et al., 2009). This indicates that the amino acid utilization
was impaired by the Val deﬁciency, resulting in a lower
protein synthesis.
The amino acid concentrations in plasma of portal and
jugular veins were quite similar. It was expected that
plasma amino acid concentrations in the portal vein
would be higher than plasma of the jugular vein (Rerat
et al., 1993) because of amino acid catabolism by liver and
tissues and accretion in tissues. Although the Val con-
centration was higher in the þVal group, the relatively
low concentration of all amino acids in plasma of the
portal vein might illustrate that blood samples were taken
too late in relation to the time of ingesting the last meal.
As discussed previously, for digesta and mucosal samples,
this hypothesis is supported by the relatively large coefﬁ-
cients of variation. Measurements on absorption kinetics
in pigs (Kristensen et al., 2009; Rerat et al., 1993; van der
Meulen et al., 1997) have shown a maximum absorption
from 0.5 to 2 h after feeding. Thus, some of the samples
may have been taken somewhat too late.
Valine concentrations in plasma of jugular vein were
higher in pigs fed the þVal diet compared to the Neg and
þBac diets. Higher plasma Val concentrations in the
Val-supplemented diet is consistent with previous ﬁnd-
ings (Wiltafsky et al., 2009), which showed a linear
increase in the Val concentration as the dietary concen-
tration increased.
The results of animal performance supported those of
amino acid concentrations in digesta, mucosa, and plasma
in the portal and jugular veins. It was apparent that the
Bacillus strain, at the level added herein, did not produce
enough Val to support the feed intake and growth of the
pigs as compared to the Neg group. The observed
improved performance associated with the Val supple-
mentation to a Val-deﬁcient diet was consistent with
other recent ﬁndings (Barea et al., 2009; Nørgaard and
Ferna´ndez, 2009; Trautwein et al., 2010).
5. Conclusions
There was a clear Val deﬁciency when the dietary Val
to Lys was 0.63:1. At the applied dose, the production of
Val by the B. subtilis mutant was not sufﬁcient to com-
pensate a dietary Val deﬁciency, as neither animal growth
nor Val concentrations in digesta, mucosa, or plasma of
the portal and jugular veins were different from those
measured in pigs fed a Val deﬁcient diet.
6. Implications
The present experiment was intended as a ﬁrst step in
gaining knowledge on the challenges to develop a funda-
mentally new method for provision of indispensable
amino acids to pigs. Although the obtained results did
not show substantial effects of providing a mutant of
B. subtilis overproducing Val in vitro, more research is
needed on the optimization of the strain to increase itsoverproduction of Val in the gastrointestinal tract of pigs
and the optimal supplemented B. subtilis dose. The win-
dow of time for obtaining portal vein samples is narrow if
these are to reﬂect the nutrient absorption. Future studies
could be based on measurements in plasma of the jugular
vein only.
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